Abstract-This paper introduces the concept of nanoelectromechanical systems on a tip (NEMS-on-a-tip). As an example, force sensors based on the interlayer electromechanical coupling of individual multi-walled carbon nanotubes (MWNT) are designed with various configurations. The devices are fabricated and characterized using nanorobotic manipulation inside a scanning electron microscope (SEM). Experimental results verify that the resistance of MWNTs is highly sensitive to applied mechanical load. A further performance analysis also indicates that a force sensor configuration in which two electrodes connect to the inner and outermost shells, respectively, provides the highest sensitivity and resolution (~1nN) in the presence of lateral forces.
I. INTRODUCTION
he design and fabrication of nanoelectromechanical systems (NEMS) is an emerging area being pursued by an increasing number of researchers. Just as with microelectromechanical systems (MEMS), NEMS design is inextricably linked to available fabrication techniques. However, though the development of micro fabrication processes has become somewhat stable over the past decade, nanofabrication processes are still being actively pursued, and the design constraints generated by these processes are relatively unexplored.
A strongly related problem is the architecture of NEMS design. Most NEMS prototypes are developed on-chip [1] . The development of NEMS on a chip has mainly focused on batch fabrication of functional elements [2] and large scale integration of the separate elements [3] . While many research issues remain in pursuing NEMS on a chip, direct fabrication of separate NEMS on a probe tip, or NEMS-ona-tip, has interesting potential applications as well. For instance, probe type NEMS is able to perform in-situ measurement for dynamic properties of nanoscale biological samples in a local environment. Moreover, the integration of a NEMS onto a sharp tip also simplifies the localization and observation processes during kinds of tasks.
In the paper, we consider force sensors with nanonewton resolution based on the electromechanical coupling of an individual multi-walled carbon nanotube (MWNT) as a NEMS-on-a-tip example. We show prototype configurations from the perspectives of design, fabrication and characterization.
Manuscript received July 6, 2008 Although tunneling current and laser-deflection techniques in scanning tunneling microscopes (STMs) and atomic force microscopes (AFMs) can provide extremely high resolution position/force sensing [4, 5] , the effective distance of the former is less than ca. 1 nm and the latter generally involves a complex laser apparatus. AFM cantilevers with built-in piezoresistive sensors made it possible to function on a separate sensor without involving a complex laser apparatus, but results in lower resolution due to the relatively thicker cantilevers. Though AFM cantilevers with carbon nanotube (CNT) tips [6, 7] have been extensively explored for avoiding tip crash and detecting deep topology features, no examples have been demonstrated using the CNT as a probe tip with a built-in deflection signal readout.
The dramatic change in electrical properties of CNTs under mechanical load is of great interest given the practical potential of CNTs in NEMS for high sensitive position/force measurement by taking the architecture of either NEMS on a chip or NEMS on a tip. While chip-type NEMS force sensors have been explored with individual single-walled carbon nanotubes (SWNTs) [8] or multi-walled carbon nanotubes (MWNTs) bridging and fixing onto electrodes, NEMS on a tip with an individual CNT attached on a probe while sensing to a sample is much less explored. In the latter case, the change of the contact resistance between the CNT and the sample (see Fig. 1 (a) ) during the measurement will be a serious problem. Furthermore, only conductive sample is able to be explored by this method which limits its applications in many fields. To resolve these problems, several new designs with the NEMS-on-a-tip architecture are shown schematically in Fig.1 (b)-(d) . The common idea of these designs is to assemble an individual MWNT or telescoping MWNT on two electrodes while leaving one of the tube ends freely suspended. When a required force is exerted on the free end, a mechanical deformation and displacement of the tube is induced. According to the electromechanical property coupling of MWNTs [9] [10] [11] [12] [13] [14] [15] [16] , the conductivity changes of the tube which are measured between two electrodes are able to quantitatively reflect the force. Because of their self-closed circuit, the influence of contact resistance between the CNT and the sample in the new designs is minimized. Furthermore, these designs can be used for both conductive and non-conductive samples.
Because of the extremely complex electronic structure of MWNTs, the transport mechanism of MWNTs has been inconclusive [17] . Specially, the contribution of the interlayer interaction of MWNTs to their conductivity is still not fully understood. Therefore, to find the optimal force sensor architecture, three types of prototyping have been tested in our work. Type I (Fig.1b) : An entire MWNT is assembled onto a probe with two electrodes. Forces are exerted on its free end. Type II (Fig.1c) : A telescoping MWNT is connected to two electrodes by the outermost and the exposed inner layer, respectively. Forces are applied on outermost shell of the free end. Type III (Fig.1d ): A telescoping MWNT is fixed on its outermost shell by two electrodes. Forces are exerted on the free end of the inner shell.
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In this work, these three types of force sensors are fabricated and characterized in a vacuum environment. A series of lateral forces are measured to examine their performance.
III. FABRICATION AND CHARACTERIZATION PROCEDURES
With the help of the recent development of nanorobotic manipulation techniques [18] , we are able to build a flexible experimental environment to test all of our designs in the same condition. The experimental setup was built inside a Zeiss Ultra55 field emission scanning electron microscope (FESEM) which operates at 1×10 -5 Torr and room temperature (25 o C). Figure 2 shows the configuration of the whole system. In this setup, the material consisting of MWNTs was attached to a sample stage using conductive silver tape. Two three-degrees-of-freedom (3-DOF) manipulators (Kleindiek MM3A), which were actuated by piezoactuators in the coarse/fine mode, were mounted onto the SEM sample stage as well. Two 10µm thick tungsten probes with tip radius of approximately 100nm (Picoprobe, T-4-10-1mm) served as electrodes. One of them (fixed electrode) was fixed but insolated from the SEM sample stage. Another (free electrode) was held by one of the manipulators. Figure 3 shows the manipulation sequence to achieve desired sensor structures. First of all, electron-beam-induced deposition (EBID) was utilized to assemble a selected MWNT onto the free electrode. To realize this, we focused the electron beam at 3kV with a magnification of 100,000X on the contact point between the MWNT and the electrodes. After 2 minutes, enough amorphous carbon was deposited on the point to make a strong bond. The same procedure had been used to connect the MWNT to the fixed electrode as well. The telescoping MWNT is able to be fabricated by mechanical pulling [18, 19] . Figures 3a and 3b clearly show that the outermost shell of a MWNT was removed after pulling it from the sample substrate.
A cantilever deflection method was utilized to characterize the sensors. An AFM cantilever which was mounted on another manipulator applied lateral forces on the free end of the MWNT. The forces can be easily derived from the deflection of the cantilever. However, small deflections of a cantilever caused by a few nanoNewtons of force is difficult to directly measure inside the SEM, so an indirect measurement approach was utilized. Figure 4 schematically shows the concept of this method. The deflection of the cantilever can be obtained by subtracting the deflection of the MWNT from the driving distance of the manipulator. Since each piezoactuator inside the manipulator responds differently to the driving signals, a careful calibration is pursued to map the exact moving distance for each step in the fine mode for the particular manipulator in the operation direction. Therefore, the driving distance of the manipulator can be calculated by counting the number of moving steps. In our experiments, the average moving distance for each fine mode step is 3.5 nm in horizontal direction within the voltage range 30V-46V. Though this approach only provides a static characterization of the sensor and is limited by the movement resolution of manipulators and the image resolution of the SEM image, it provides a reliable estimation of the sensor performance.
AFM cantilever Operation direction Fig.4 . Measurement of the AFM cantilever deflection. "a" is the moving distance of the manipulator. "b" is the cantilever deflection and "c" is the deflection of a strained MWNT.
The conductivity is measured with a Keithley 6517A Picoammeter with an accuracy of ~1 fA. The voltage is swept from -1 to 1 V, and 101 data points were sampled per sweep. The sweep delay was 0.01 seconds. The resistance was computed from the measured current.
IV. RESULT S AND DISCUSSIONS
In our experiments, MWNTs were bent by moving the AFM cantilever perpendicular to the tubes. For each sensor design, a series of force versus resistance measurements were performed at different bending states. We used the same MWNT to test the type I and type II force sensors to minimize the influence of diversity of different tubes. In the experiment shown in Fig. 5 , the MWNT was continually bent. Figure 5(a)-(d) shows a series of SEM images of the bending process from the beginning. The deflections of the MWNT are also measured and labeled in these images. Electrical conductivity variations are shown in Fig. 5 (e) by a series of current-voltage (I-V) curves. Each I-V curve was measured at the corresponding state in Fig. 5  (a)-(d) . From Fig. 5 (f) , it can be easily found that the resistance of the tube decreased from 0.98 MΩ to 0.88 MΩ at a 1V bias along with the increasing of bending. This observation well agrees with the electromechanical property that reported by Semet et al [15] where they attributed the observed drop in resistance during bending to be the result of the increasing number of conduction channels in the nanotube and parallel transport through them. The sensitivity of the sensor can also be measured from the resistance vs. mechanical load curve. When the lateral force was increased up to 9.174 nN, the resistance was reduced by 11.1 %. The accurate force resolution of this prototype device depends on the stiffness of each individual tube and the signal processing. Therefore, we estimate the resolution is better than 1 nN.
A. Force Measurement using Force Sensor

B. Force Measurement using Force Sensor Type II
In this experiment, we used the same MWNT in the above experiment on Type I. By pulling the tube using the free probe (electrode), induced mechanical strain broke the outer shells. The inner shells were extracted with the front part of the outer shells by van der waals forces. In Fig.6 , we can still find the rear part of outer shells on the fixed probe. After the inner shells were connected to the fixed electrode using EBID, the MWNT was continually bent. Figures 6 (a) -(d) show SEM images of this process. Following the bending process, the MWNT was released from the stress as shown in Figs. 6 (e)-(f) . The corresponding changes of electrical conductivity are represented by I-V curves as plotted in Fig. 6 (g) . The resistance vs. mechanical loading force curve is plotted in Fig. 6 (h) .
It can be clearly found that, similar to type I, the resistance of the MWNT decreased as the mechanical load increased. The sensitivity of this type sensor, however, is much higher than the type I. When the lateral force increased up to 10.209 nN; the resistance of the tube decreased by 44.9 %, which is 4 times larger than that of type I. Even for a small load with lateral force down to 0.215 nN, the resistance change is still detectable. Therefore, we estimate the resolution is better than 0.2 nN.
The difference of the sensitivity between these two types attributes to their different electronic transport mechanisms. A MWNT can be modeled as a conductor with a number of conductive channels separated by energy barriers. Each channel along with one shell contributes to the conductivity, as shown in Fig 7. The resistances R i (i=1 to N), where N is the number of the channels, are affected by the bond structure, the length and the thermal state of each shell. The energy barriers which include the contact barrier and interlayer barriers between the channels prevent electron transition from one channel to another. The contact barriers are determined by the difference between working functions of metal electrodes and carbon nanotubes, while the interlayer barriers are determined by interlayer distances and band structures of neighboring shells. When a bias is applied on a MWNT through metal electrodes, most of low energy electrons likely pass through the channel 0 (outermost shell) to form the drift current. Only the electrons with relatively higher energy are able to overcome the interlayer barriers by radial tunneling or charge injection [17] to reach inner shells. Because the outermost shell of a MWNT is usually a metallic shell due to its large diameter, it can be treated as a shield against the applied electrical field. Therefore, the transition electrons in the inner shells only form the diffusion current, and contribute only a slight contribution to the conductivity of the tube. In our experiments, the mechanical deformation of a MWNT occurred in the front part of the tube. Instead of changing the band structure of the shells bridging between two electrodes, this deformation primarily enhanced the interlayer coupling by narrowing the interlayer distances. In the type I design, the outermost shell of the MWNT tended to short the two electrodes, so that the drift current did not change under a mechanical load. The enhancement of interlayer coupling only increased the diffusion current. However, for type II, the fact that electrodes were connected to different shells of a telescoping MWNT means that the interlayer coupling dominated the transport property. Therefore, the conductivity of the MWNT is much more sensitive to the mechanical deformation.
We also noticed that when we released the tube, the resistance of the MWNT is not restored to the initial value. This probably attributed to the deposition of amorphous hydrocarbon film on the MWNT during the observation or new defects induced by the bending process.
C. Force Measurement using Force Sensor Type III
We preformed the above mentioned measurement sequence for force sensor type III. Electrical conductivity measurements were executed at four bending states in two directions, as shown in Figs. 8 (a)-(d) . The resulting I-V curves can be found in Fig. 8 (e) and the resistance vs. mechanical load curve is plotted in Fig. 8 (f) . Contrary to types I and II, this sensor revealed the opposite resistance vs. load dependence. When the deflection of a MWNT increased, the resistance also increased.
This behavior can be understood by considering the interlayer sliding in a MWNT [20] . According to the ultra low sliding friction [21] between the outer and inner shells, the applied transverse force causes a bending coupled with a telescoping behavior of the inner shells during the measurement. As the inner shells slide out from the outer shells, the resistance increases dramatically [18] . From the resistance vs. load curve, we found the sensitivity of this design is higher than type I, but lower than type II. A 6.763 nN load can increase the resistance the by 20.1 %. Therefore, we estimate the resolution is better than 0.7 nN. However, the measurement range of the sensor in this type is limited because too large a force will completely extract the inner shell out of the outer housing.
V. CONCLUSIONS
The concept of NEMS-on-a-tip has been presented as a complement to NEMS on a chip for applications requiring a protruding probe. As typical examples, force sensors using the electromechanical coupling of an individual MWNT or a telescoping MWNT have been designed, fabricated and characterized. These new designs integrate two electrodes onto the rear part of a MWNT and leave the rest of the tube free for sensing so as to avoid the influence of the nonconstant contact resistance. Characterization results quantitatively show resistance changes of MWNTs corresponding to lateral mechanical loads for all the designs. The force resolution of each type of sensors is estimated. Comparing the sensitivities and resolutions of them, the design with two electrodes connected to outermost and inner shells of a telescoping nanotube, respectively, is superior to other designs due to the high interlayer coupling effect on the conductance of a MWNT. This sensor could find its future applications in biological/chemical analysis. After a better calibration, the mechanical properties of nanoscale molecules could be investigated by it.
